INTRODUCTION
Waspaloy is used extensively in gas turbines for blading or discs. Its nominal composition of 19.5 Cr, 57 Ni, 13.5 Co, 4.25 Mo, 3.0 Ti, 2.0 Fe, 1.3 Al, 0.005 B, 0.085 Zr, 0.50 Mn(max), 0.75 Si(max), 0.10 C(max), 0.03 S(max), 0.10 Cu(max) makes it a low volume fraction gamma prime (y') type alloy, and thus, weldable, if certain precautions are taken. Repair techniques are required to refurbish components such as blading since at times these components are not readily available or are extremely expensive to replace.
In this study two techniques:
high velocity oxygen fuel (HVOF) thermal spraying and laser cladding, were investigated for repair of waspaloy components.
Thermal spraying is gaining wide acceptance for repair of gas turbine components. In particular, HVOF thermal spraying shows promise as a means of depositing dense adherent coatings. In this study a Jet-Kote (TM) system, shown in Figure 1 , (Schnaut, 1981) was used. The fuel gases, in this case propylene and oxygen, are combusted in a water cooled
Expansion Nozzle

FIG. 1. SCHEMATIC DIAGRAM OF THE
JET-KOTE SPRAY-SYSTEM chamber and discharged through four ports in the combustion head. The combustion head is designed to increase gas velocities to hypersonic levels and to allow the combustion stream to make a 900 turn into a water cooled nozzle. Finely divided powder is fed into the intersection of the four ports allowing heating and acceleration of the particles to velocities exceeding 500m/s (Rao et al., 1986 , Kreye et al., 1986 . These high velocities allow extremely dense coatings when compared with atmospheric plasma spraying which has 
FIG. 2. LASER CLADDING -SCHEMATIC
Laser cladding is still relatively new as a gas turbine repair technology. A typical laser set-up is shown in Figure 2 ( Blake et al., 1988) . A laser beam is generated by exciting molecules in CO2 or ruby. The energy is amplified by oscillating the beam between two mirrors until it passes through the weaker of the mirrors. Additional mirrors can then be used to direct the beam to the workpiece. Powder, wire, or a preplaced bed of the cladding material can then be melted onto the workpiece. The advantages of this technique are the extremely small heat affected zone (HAZ) created and the tight control on cladding thickness (Weerasinghe, et al., 1987) . Clean deposits of Ni and Co alloys can be formed in air or in an inert shroud with little problem (Adamski) .
In many turbine repairs only a thin deposit of 200-500 micrometers is required. TIG welding is somewhat limited as a repair technique in these cases. Furthermore, in many cases where thin walls are involved, TIG welding leads to excessive base material degradation such as melting through of the walls. Therefore laser Figure 3 is a scanning electron microscope micrograph of the powder. The size fraction for HVOF was -270 mesh to 10 microns and for cladding the size used was -80 mesh to 44 microns.
FIG. 3. WASPALOY POWDER --SEM HVOF
A Jet-Kote II system was used for spray operations at the following 2kg/hr. Substrate temperature: 70°F Coating thicknesses were 0.5 -1.25mm.
Laser Cladding
A Coherent VFA 51, 1500W CO2 laser operating in CW mode was use for this operation. At a power level of 1400W the beam, focused to a spot diameter of 2mm, was scanned over the specimen surface with a speed of 25mm/sec. The waspaloy powder was continuously fed using argon as a carrier gas (Fig. 2) . Approximately, 25% overlap between the individual passes was maintained to assure proper surface coverage. Clad thickness was within the range of 0.5 -0.7mm.
Characterization
Cross-sectional analysis was performed using standard metallographic preparation followed by optical and scanning electron microscopy.
Chemical analysis was performed using EDAX. A transmission electron microscope was also used to determine the fine structure of HVOF coatings. X-ray diffraction was used to determine the phase constituents of the powder, coating and cladding. Microhardness measurements were performed to gain insight into the mechanical properties of the deposits. For HVOF coatings ASTM C-633 tensile adhesion tests were performed to evaluate bond strengths. Figure 4 shows the x-ray diffraction data for the powder, HVOF coatings and laser cladding respectively. All three indicate the presence of the same austenitic FCC phase. Very little difference between the three exist other than slight peak broadening in the HVOF coating. Two effects can explain this: 1) small crystal size, and 2) strain. In thermal spraying, it is expected that rapid quenching occurs leading to a fine grained structure and quench stresses in the coating. Therefore, both of these effects probably contribute to the peak broadening observed. The cladding and gas-atomized powder show very similar peak heights and shape. Although highly speculative, this may indicate similar cooling rates in these two processes. Figure 5 shows an optical micrograph of a cross-sectioned HVOF coating. The microstructure is composed of densely packed melted and unmelted particles surrounded by oxide stringers. The smallest unmelted particles are about 40 microns suggesting that only particles smaller than this can be melted using the parameters given above. The interface appears clean and well bonded. ASTM C-633 test yielded bond strengths of 6000 psi. Adhesive failure modes were observed. TEM analysis of the coating (Figure 6 ) revealed a bimodal grain morphology consisting of equiaxed grains measuring 25-50 nm and lathe like grains with plate widths below 10 nm. SAD analysis confirmed the presence of an FCC phase. 
RESULTS AND DISCUSSION
FIG. 5. CROSS-SECTION OF THE HVOF FIG. 6. TEM MICROGRAPH OF THE HVOF COATING.
In many of the applications being considered for waspaloy coatings, for example, blade tips, bond strengths of 6000 psi are insufficient. Therefore, modifications to the HVOF coatings need be made in order to achieve metallurgical bonding without excessive changes to base material microstructure and properties. Thus, HVOF waspaloy coatings were laser fused to the substrate. A cross-section of the resulting deposit is shown in Figure 7 . Laser fusion causes complete densification of the deposit as well as removal of the oxide stringers. Apparently, melting of the deposit is similar to zone refining in that since the solubility of oxides is greater in the liquid than the solid, impurities are swept in front of the solidification layer. In some of the thicker deposits, delamination occurred at the substrate-base material interface if only the coating surface was melted rather than the whole deposit. It would seem then that the advantages of this type of processing are only relevant when thin deposits, less than .030", are required for restoration. HVOF followed by laser remelting would also be useful where direct powder feeding may be difficult. Although some differences exist in hardness between the cladding and the base, it is / small enough (less than 3 difference on the Rockwell scale) to be acceptable for blade tip type of repairs. Higher hardness of the HAZ zone well correlates with the decreased grain size observed within the HAZ.
SUMMARY
The paper investigated three techniques for depositing thin (.01-.05") waspaloy coatings and cladding. All the processes offer advantages over conventional TIG welding in that deposits can be made without excessive grindstock being required or disturbing of the base metal microstructure. HVOF coatings, although easy to apply and with thicknesses controllable to + .002" on flat substrates are limited in that bonding is mechanical in nature and therefore delamination or chipping is possible in high stress situations. This problem can be alleviated by using the HVOF coating as a pre-placed bed for laser fusion when thin (less than .03") buildups are required. When thicker layers are necessary laser cladding can be performed. Possible applications of these techniques are for repair of blade tips, curvic couplings, and other waspaloy components.
